Abstract: Quantum confinement effects are observed in transport measurements of Cu 2 S nanocrystal based devices. Two nanocrystals sizes are studied, 3 nm being in the quantum-confinement regime, and 14 nm, lacking confinement. The effect of ligand length on the charge transport mechanism is studied via conductance temperature dependence measurements. While in the 14 nm nanocrystal based devices unique non-monotonic temperature dependence is observed, the 3 nm based devices show only thermally activated transport for all ligands. The difference is attributed to a cross-over from inter-particle hopping to intra-particle dominated transport as the ligand length increases. In the 3 nm devices the effect of ligand length on the charge-hopping activation energy is also discussed.
properties of NCs can be significantly modified via doping, as demonstrated recently, realizing both heavily doped [3] and lightly doped [4] NCs. Stoichiometric engineering of NCs can also profoundly affect their optical and electronic properties, and is therefore important for device functionality [5] . Stoichiometric tuning can be achieved by actively inserting additional intrinsic materials to the NC [6] or by depleting certain materials. Naturally, the exact process would strongly depend on material properties. For example, in low chemical-potential materials with tendency toward stoichiometric diversity, the process of vacancy creation may prove important, a well documented property in binary, ternary and quaternary metal chalcogenides and chalcopyrites [7, 8] . Furthermore, where surface effects are dominant, vacancy formation may be enhanced in comparison to the bulk materials, especially in processes such as cation vacancy formation in which the small metal atoms diffuse to the interfaces. Recently we reported a process of thermal doping via vacancy formation in Cu 2 S NCs, in which the conductance of Cu 2 S arrays was enhanced by several orders of magnitude upon applying only a mild temperature treatment (< 400 K) [9] . The interest in Cu 2 S is increasing since it is a mother compound to a larger family of ternary and quaternary Cu based semiconducting materials. Nanocrystals of such earth abundant materials are important in photovoltaic applications, combining relevant band-gap values and benign materials. Interestingly the above mentioned study showed that they may also present stoichiometric tuning at mild temperatures. Therefore, thermal processes for the conductance improvement should be performed cautiously and with awareness to the formation of Cu vacancies that may affect the electrical properties of the NCs by the introduction of additional shallow or deep in-gap states.
The organic capping ligands are important players in the electronic properties of NC arrays. Different approaches are practiced for overcoming the insulating nature of the ligands. The long organic capping molecules are commonly replaced by shorter organic or inorganic ligands [10] [11] [12] , or may be decomposed via device thermal annealing [13] [14] [15] . These processes increase the device conductance by decreasing the distance between neighboring NCs and therefore reducing the inter-particle tunneling barrier. In some cases, certain ligands donate charge [16, 17] and in other cases the NCs energy levels may be modified through ligand exchange chemistry [18] [19] [20] .
The rich nature of electrical phenomena that may arise from the use of different ligands in NC arrays motivated us to investigate the effects of different capping ligands in Cu 2 S NC array devices. These devices have already presented interesting electronic properties as discussed above, yet the ligand effects have not been investigated before. Specifically, two different model devices were investigated.
Devices assembled from "large NCs" with diameter of 14 nm; these are larger than Figure 1 : Characterization of big and small Cu 2 S NCs. Absorbance spectra of Cu 2 S NCs with diameters of 14 and 3 (red and blue curves, respectively). The flat absorbance curve and lack of a localized surface plasmon absorbance feature suggests high stoichiometry both for the large and small NCs. (Inset b) HRTEM micrograph depicting the hexagonal facets of the 14 nm NCs, marked for clarity by red line and which are less pronounced in the 3 nm NCs (inset a). Both images depict ordered atomic layering indicating the particles are crystals. Scale bar 3 nm for both images.
the Bohr exciton radius in Cu 2 S, (∼ 5 nm). In these devices the electron-hole wave functions are only weakly confined and bulk material related diffusive transport properties, are more likely to be evident within a single NC. The other devices were composed of "small NCs" with diameter of ∼ 3 nm, with in the quantumconfinement regime, which are more likely to exhibit charge transport phenomena that are related to the confined nature of the wave functions, with no contribution from "intra-particle" transport.
The NCs were prepared using bottom up approach revealing highly faceted mono-dispersed 14 nm Cu 2 S NC passivated by dodecanethiol [21] . "Small NCs"
were synthesized by modifying the above synthesis by adding dioctylether in excess as an additional ligand to the reaction flask [22] . The dioctylether ligand presence during the crystal formation inhibits its growth and contributes in stabilizing the resulting NCs even at smaller diameters. The NCs were separated from the growth solution and characterized. The absorbance spectra measured on NCs of both sizes are similar ( Figure 1 ). Only very little blue shift can be detected for the "small" NCs although they are well within the quantum confinement diameter. This is due to the indirect band gap of Cu 2 S NCs, which cannot support a sharp excitonic transition. In addition, also the localized surface plasmon feature is not observed in both spectra. This feature is associated with the presence of Cu vacancies [23, 24] , its absence signifies the high stoichiometric nature of the resulting NCs. This was also supported by powder XRD experiments which showed similarities in Bragg peak positions of the NCs to bulk high chalcocite phase. (SI Figure S2 ). In Figure 1 high resolution transmission electron microscopy (HRTEM) ( Figure 1 inset and S1 in the supporting information) depicts atomic lattice ordering both for the "big" and "small" NCs supporting their crystalline structure. The crystallite facets are far more pronounced in the "large" 14 nm NCs than in the "smaller" ones. This is in accordance to previous reports of smaller nano-crystals that have a less defined crystal structure and faceting [25] . The devices were prepared by depositing the suspension of NCs in chloroform, employing a slow evaporation controlled method, onto Si/SiO 2 substrates with pre-patterned source-drain electrodes (Cr/Au, 2 μm spacing). The NCs selfassembled into ∼ 10 layers (∼ 150 nm) thick NC films. By tuning ligand concentration and solvent evaporation rates, highly ordered super-lattices can be The devices were inserted into a variable temperature probe-station after which drain-current ( d ) measurements were conducted under high vacuum and at a temperature range of 30-300 K. Source-drain bias voltages ( sd ) of 1-10 V were used, resulting in conductance values of ∼ 1-10 pS at room temperature for the NC arrays, with their original ligands. These were dodecanethiol for the 14 nm NCs, and a mixture of dioctylether and dodecanethiol for the 3 nm NCs. However, it is reasonable to assume that the longer dodecanethiol would dominate the charge transport properties also in this array. Treating the films with solutions of shorter ligands initiates an exchange of the original capping ligands, which consequently increases the overall conductance of the device. Moreover, the functional group linking the ligand to the crystal surface may have profound effects on the NCs array electronic properties. The presence of different linkers may induce atomic reconstruction at the surface of the NC [26] [27] [28] , and thus introduce surface trap-states and influence the conductance properties [29] . It is important to emphasize here that in this study we specifically selected only ligands with a thiol binding group. By this, similar surface chemistry is expected for the different experiments, consequently allowing us to associate modifications in the conductance due to ligand exchange primarily to the change in inter-particle distance and not to intra-particle effects. In addition, these thiolated ligands can compete efficiently with the binding strength and exchange the original dodecanethiol ligands. The ligands that were investigated are the original dodecanethiol, ethyl 3-mercaptopropionate, 1,6-hexanedithiol, 1,2-ethanedithiol, and 4- methylbenzenethiol (their schematic structures are presented in Figure 3e ). The estimated lengths of these ligands (calculated from chemical-bond lengths) are, 2.2, 1.5, 1.2, 0.9, and 0.95 nm, respectively. Previous studies suggest that alkanethiol and alkane-dithiols junctions contact resistance are either very similar or very small compared to the electrical resistance of the molecules themselves [30] . This provides validation to the comparison of monothiolated to di-thiolated ligand capped devices. We note in passing that the 4-methylbenzenethiol is somewhat different from the other ligands due to an aromatic ring, constituting a delocalized electron system. We have chosen to use this ligand due to this electronic property that enables us to follow the ligand exchange process by methods of Fourier transform infrared spectroscopy (FTIR) characterization ( Figure S4 ). Devices with the original dodecanethiol ligands capping were dipped into 100 mM ligand solution in acetonitrile for ∼ 60 sec and dried with N 2 flow, after which they were promptly inserted into the variable temperature probe station for further electrical characterization. Drain current measurements on the different devices were normalized to those measured on devices with original ligands. A comparative plot of d vs sd for typical devices with various ligands is presented for the 14 nm devices (Figure 3a ) and for the 3 nm devices (Figure 3c ).
A general trend of exponential increase in conductance with decreasing ligand length is evidently observed for both 14 nm and 3 nm NC films, as demonstrated in Figure 3b ,d, respectively. This clear behavior is not masked by the natural data scatter resulting from variations in array quality. The exponential dependence strongly suggests that the conductance takes place by inter-particle tunneling (or hopping), without the involvement of localized states in the ligand. That is, the ligands act primarily as spacers as far as electrical transport is concerned (recall that the surface binding chemistry is common to all). In exchanging the long dodecanethiol ( 0 = 2.2 nm) with shorter molecules ( 1 ), the tunneling barrier width is decreased by a typical length Δ = 0 − 1 , this leads to an increase in the inter-NC tunneling probability which is proportional to ⋅Δ . By fitting this model to the data,the tunneling decay coefficient , is extracted to be 0. Markedly, although the same ligands were used for the two model devices, larger values are found for the 3 nm arrays. This difference is assigned to the increase of energy level spacing in the "small" quantum-confined NCs [31] , hence reduced energy barrier in the tunneling junction between neighboring NCs. We turn now to discuss the temperature dependence of the conductance, ( ) at the temperature range of 30-300 K and its dependence on ligand length, for the two types of NCs. For the 14 nm Cu 2 S NC based devices, when longer ligands were present, unique non-monotonic temperature dependence was observed ( Figure 4, red curve) . The conductance exhibits a local maximum at around 200 K. Such behavior was observed for all dodecanethiol-capped Cu 2 S NC films, where the peak position varied between 175 to 210 K. The ( ) curves were always reversible at this temperature range, with no hysteresis effect when repeating the cooling and heating cycles. This differentiates the effect from the Cu vacancy thermal-doping process mentioned above, which commences only at elevated temperatures (350-380 K [9] . To the best of our knowledge, such non-monotonic behavior was not observed in previous ( ) studies of NC arrays, where only a monotonic increase with temperature was found, conforming to some type of thermally activated transport [32, 33] . We consider the origin of this behavior to be associated with a change in the density of states observed in Cu 2 S thin films at around 175 K. This transition is probably associated with a structural transition, as many of those are known for bulk Cu 2 S [34] . The transition manifests itself by a change in ( )of thin Cu 2 S films around 175 K [35] , corresponding to reduced density of states in the films above ∼ 175 K. This is expected to decrease The conductance trends present pronounced differences between the longer dodecanethiol and ethyl 3-mercaptopropionate ligands (red and green) that are non-monotonic, and the shorter ones such as 1,6-hexanedithiol, 4-methylbenzenethiol, 1,2-ethanedithiol that monotonically increase with the temperature. These differences arise from competing inter-and intra-NC charge transport mechanisms, as discussed in the text.
also the density of available states for intra-particle tunneling or hopping in the present NC films, resulting in a reduction of the conductance at this temperature range. In devices with shorter ligands this surprising effect is less pronounced or absent. As evident form Figure 4 , in ethyl 3-mercaptopropionate capped NC devices only a slight local maximum in the conductance is present (green), while a monotonic ('standard') temperature increase of the conductance was found for the even shorter 1,6-hexanedithiol and 4-methylbenzenethiol ligands, but with a ('non-standard') change in slope at ∼ 200 K (blue and black curves). In the 1,2-ethanedithiol capped devices, the shortest molecule studied, the ( ) characteristics lacked any special features at this temperature range (magenta curve). This is probably due to strong dominance of the inter-NC tunneling (that always gives rise to a monotonic increase of G with temperature) over any intra-NC temperature related phase transitions which may affect the conductance. As the ligands increase in length, the relative contribution of the intra-NC effects becomes more pronounced, giving rise to the complex non-monotonic behavior. These intra-NC properties manifest themselves in the large 14 nm NCs, where mesoscopic charge transport mechanism are important and bulk-like Cu 2 S phenomena prevail. However, in the smaller 3 nm based devices, in which the wave-function is strongly confined, the notion of intra-particle transport does not apply and thus the nonmonotonic ( ) behavior is not observed.
The arrays comprising the smaller 3 nm NCs exhibit a different behavior, where the conductance increase monotonically with temperature for all investi- gated ligands, conforming to the expected thermally activated transport. This is depicted in Figure 5a for dodecanethiol and for the rest of the ligands in the supporting information ( Figure S3 ). At the higher temperature range (160-300 K), the conductance fits well to an Arrhenius equation, ( ) = 0 − A B , with activation energy A . This observation agrees with previous studies on NC arrays of CdSe and PbSe, where simply activated or nearest neighbor hopping was found to be the dominant charge transport mechanisms at the 100-300 K temperature range [32, 36] . In fitting our data, smaller error estimations were obtained in the 160-300 K than at the lower temperature range (Figure 5b inset) . Therefore, the lower temperature data (30-160 K) was ignored for the activation energy fits. Ac- tivation energies extracted from this model reveal an interesting phenomenon. Longer ligands are associated with larger activation energies than the shorter ones (Figure 6a and b) . For example, in the dodecanethiol capped NC devices the extracted A was 85 ± 9 meV, whereas for the shorter 1,2-ethanedithiol A of only 43±3 meV was found. This trend may be explained by considering an electrostatic electron-hole interaction between neighboring NCs, which reduces the total energy required for inter-NC charge transport and is naturally more pronounced for NCs separated by shorted ligands. The simplest type of such an interaction is as for point charges (∝ −1 ), where is the distance between the NCs, and correspondingly A ( ) = − . As demonstrated by Figure 6b , this simple model fits our data reasonably well (red line), where is the tunneling barrier height with minimum electrostatic interaction, ∼ 88 meV, and is a fitting parameter, = 34 meV nm.
In conclusion, we have used ligand exchange to investigate the effects of charge transport in arrays composed of "big" and "small" Cu 2 S NCs. We observe the wave function confinement in the small NCs, by comparing the data to a simple tunneling model. Moreover, intra-NC charge transport effects that are linked to bulk Cu 2 S transitions were observed in the large NCs but not in the small ones, further signifying confinement effects in the small NCs. Our findings constitute an important step for fabricating and optimizing devices based on metal-chalcogenides NCs.
